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ABSTRACT 


Although  the  influence  of  altitude  acclimatization  on 
reapirat ion-haa  been  carefully  atudied,  the  aaaociated  changes 
in  hypoxic  and  hypercapnic  ventilatory  reaponses  are  the  aubject 
of  controveray  and  neither  reaponse  haa  been  carefully  evaluated 
during  sleep  at  altitude.  To  answer  these  questions,  six  healthy 
males  were  studied  at  sea  level  and  on  nights  1,4,  and  7 
following  arrival  at  altitude  (14,110  ft).  During  wakefulness 
ventilation  and  the  ventilatory  responses  to  hypoxia  and 
hypercapnia  were  determined  on  each  occasion.  During  both  NREM 
and  REM  sleep  at  sea  level  and  on  all  three  nights  at  altitude, 
ventilation  and  the  hypercapnic  ventilatory  response  were 
measured.  With  acclimatization  to  high  altitude  ventilation 
increased  during  both  wakefulness  and  sleep  which  reflected 
primarily  increasing  respiratory  frequency.  The  hypoxic 
response,  although  not  significantly  increased  on  day  1  at 
altitude,  rose  steadily  over  subsequent  days  on  the  mountain 
(P<0.01}.  The  slope  of  the  hypercapnic  response,  although 
initially  increased  at  altitude  (day  1),  did  not  rise  further 
with  acclimatization  although  the  position  of  this  response 
shifted  significantly  to  the  left  during  wakefulness  and  sleep. 
Finally,  sleep  induced  similar  decrements  in  both  ventilation  and 
hypercapnic  responsiveness  at  altitude  to  those  seen  at  sea 
level.  These  observations  suggest  that:  (1)  hypoxic  sensitivity 
increases  with  time  at  altitude  and  could  be  an  important 
contributor  to  ventilatory  acclimatization,  (2)  that  the 


hypercapnic  response,  although  shifted  to  the  left,  does  not 
increase  in  slope  with  prolonged  exposure  to  hypoxia  and  (3)  that 
acclimatisation  produces  similar  effects  on  ventilation  and 
hypercapnic'^responsiveness  during  sleep  to  those  observed  during 
wakefulness . 

Index  Terms:  Acclimatisation,  Hypoxic  and  Hypercapnic 

Ventilatory  Responses,  Mon-REM  and  REM  Sleep, 

Al t itude . 
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INTRODUCTION 


Although  Che  influence  of  elcicude  ecc 1 imat isec ion  on  the 
vencilecory  reeponsee  co  chemice)  stimuli  has  been  the  focus  of 
considerable  investigation  over  many  years  (5,10,13,17,18,20, 
21),  there  remain  a  number  of  unresolved  questions  regarding 
chemoresponsiveness .  First,  the  affect  of  acclimatisation  on  the 
hypoxic  ventilatory  response  has  been  minimally  studied  with  no 
clear  indication  hou  this  response  is  influenced  by  sustained 
hypoxia  (5,13,17).  This  seems  an  important  question  as  augmented 
hypoxic  sensitivity  could,  in  part,  explain  the  well  described 
increase  in  ventilation  chat  occurs  with  time  at  altitude  despite 
decreasing  Pco2  increasing  arterial  oxygen  saturation. 

The  influence  of  altitude  acclimatisation  on  hypercapnic 
responsiveness  is  also  somewhat  in  question.  It  seems  clear  that 
the  position  of  this  response  shifts  to  the  left  (lower  Pc02 
level)  with  acute  hypoxia  and  continues  to  shift  with  time  at 
altitude  (10,13,17,20,21).  However,  the  effect  of 
acclimatisation  on  the  slope  of  this  response  is  less  clear. 
Acute  hypoxia  increases  the  slope  of  the  hypercapnic  response  as 
the  combination  of  hypoxia  and  hypercapnia  is  a  more  powerful 
stimulus  to  ventilation  chan  either  chemical  drive  alone  (14). 
However,  whether  the  slope  increases  further  over  time  in  an 
hypoxic  environment  remains  unresolved  (5,10,13,17,20,21).  In 
addition,  the  effect  of  sleep  on  the  hypercapnic  ventilatory 
response  both  in  acute  hypoxia  and  with  progressive 
acclimatization  has  not  been  investigated. 


In  order  to  answer  the  above  questions  regarding  the 
Influence  of  altitude  acclimatization  on  chemorespons iveness  and 
in  so  doing  to  obtain  further  information  on  ventilatory 
acc I imat izaeion  both  awake  and  asleep,  the  following  studies  were 
undertaken . 

METHODS 

The  description  of  subject  characteristics,  equipment,  and 
techniques  for  the  measurement  of  ventilatory  responses  to 
hypoxia  (HVR)  and  hypercapnia  (BCVR)  under  all  desired  conditions 
are  described  in  the  companion  article  (24).  To  summarize,  six 
healthy  males  were  studied  both  at  sea  level  and  altitude.  At 
sea  level,  during  wakefulness  and  NREM  sleep,  measurement  of  the 
hypoxic  and  hypercapnic  ventilatory  responses  was  completed. 
During  REM  sleep  only  the  hypercapnic  response  was  measured.  The 
subjects  were  then  transported  to  Pikes  Peak  (altitude  14,110  ft, 
barometric  pressure,  460  mmHg)  and  studied  on  nights  1,4,  and  7 
after  arrival.  During  wakefulness,  prior  to  sleep  on  each 
occasion,  hypoxic  and  hypercapnic  ventilatory  responses  were 
completed.  During  NREM  and  REM  sleep  on  each  night  only  the  HCVR 
was  measured.  The  mean  number  of  hypercapnic  response 
determinations  completed  awake  and  asleep,  at  sea  level  and  on 
each  night  at  altituide  are  given  in  Table  1.  In  addition  to  the 
above  studies,  a  final  awake  hypoxic  ventilatory  response  was 
conducted  on  day  19  at  altitude.  All  other  studies  ended  after 
night  7.  Finally,  an  additional  subject,  subject  7  who  did 
not  participate  in  the  above  sleep  studies,  did  have  awake  HVR 
measurements  made  on  all  occasions  described  above.  As  a  result. 


daca  concerning  che  influence  of  alcicude  acc 1 imac izac  ion  on 
hypoxic  sensitivity  will  include  this  additional  subject. 


The  hypioxic  ventilatory  response  will  be  described  as  the 
slope  of  increasing  ventilation  versus  decreasing  arterial  oxygen 
saturation.  These  hypoxic  responses  were  measured  isocapnical ) y 
at  the  Pc02  present  when  the  subject  had  an  arterial 
oxygen  saturation  of  99-lOOZ.  In  describing  the  hypercapnic 
ventilatory  response  two  values  are  generally  reported;  the  slope 
of  the  response  (S)  and  the  intercept  of  this  line  on  the  Pc02 
axis  (B).  This  B  is  generally  used  to  describe  the  position  of 
the  response  but  is  dependent  on  both  the  position  and  slope  of 
this  curve.  For  this  reason  we  will  report  the  position  of  the 
HCVR  as  the  PCO2  level  at  which  ventilation  is  initially 
stimulated  by  increasing  PCO2  (Pigure  1,  the  PCO2  sciBulation 
point).  This  point  was  determined  by  extrapolating  the  steep 
portion  of  the  hypercapnic  response  to  the  "resting  ventilation 
line"  where  ventilation  is  not  stimulated  by  increasing  PCO2 
(Figure  1).  Using  this  method,  the  influence  of  slope  on  curve 
position  is  minimized. 

Resting  Ventilation; 

In  conjunction  with  the  above  studies,  che  following 
determinations  of  resting  ventilation  were  completed.  During 
unscimulated  breaching,  awake  and  asleep,  at  sea  level  and 
altitude,  ventilation  and  its  components  were  measured.  These 
consisted  of  V£  (expired  ventilation),  V-j  (tidal  volume),  f 
(frequency),  PetC02,  and  Sa02  (arterial  oxygen  saturation). 


Generally,  three  breach  averages  of  all  variables  were  determined 
on  a  Data  General  Nova  4  computer  (Data  General  ,  Wescboro,  MA.) 
in  real  time.  During  periodic  breaching  at  altitude,  however, 
end-tidal  Pco2  ***  determined  for  each  breach. 

At  sea  level  awake  ventilation  was  measured  for  5  minutes 
prior  to  sleep  onset  and  for  an  additional  5  minutes  after  final 
awakening.  During  sleep  (sea  level)  unscimulated  ventilation  was 
recorded  repetitively  in  3  to  15  minute  time  blocks  in  isolated 
sleep  stages  (NREM  and  REM).  At  altitude,  on  nights  one,  fou«, 
and  seven  after  arrival,  unscimulated  ventilation  was  again 
monitored  for  3  minutes  prior  to  sleep  onset  during  documented 
wakefulness  and  repeated  in  3  to  15  minute  time  periods  during 
both  NREM  and  REM  sleep.  We  were  able  to  obtain  (in  each 
subject,  on  each  night)  5  minutes  of  unscimulated  ventilation  in 
Che  waking  state,  a  mean  of  26.2t2.2  minutes  during  NREM  sleep 
and  9.7tl.O  minutes  during  REM  sleep.  Again,  the  equipment  and 
methods  employed  to  determine  sleep  stages  and  ventilation  are 
described  in  the  companion  article  (24). 


Data  Analysis: 


effect 


acc I imac izat ion 


vent  i  I  at  ion 


hypercapnic  ventilatory  response  were  analyzed  with  a  two-way 
analysis  of  variance  (22).  This  analysis  was  also  employed  in 
evaluating  the  influence  of  the  various  sleep  stages  on  these 


ventilatory  variables.  To  determine  the  effect  of  altitude 


acclimatization  on  the  hypoxic  ventilatory  response,  a 


nonpar amec r ic  Spearman  Rank  Correlation  for  monotonic  trend  (not 
necessarily  linear)  between  HVR  and  time  at  altitude  was 


used.  The  stacLscical  confidence  incerval  selected  for  all 
analyses  was  P  <  O.OS. 

RESULTS 
Ventil ation~ 

Ventilation,  Pc02*  arterial  oxygen  saturation  during 

wakefulness  and  sleep  (NREM  and  REM)  at  sea  level  and  altitude 

(nights  1,4,  and  7)  are  shown  in  Figure  2.  As  described 
previously  in  sea  level  studies,  ventilation  fell  from 

wakefulness  to  NREM  and  REM  sleep  with  increasing  PCO2 
decreasing  Sa02.  This  also  occurred  at  altitude  and  was  observed 
clearly  on  nights  4  and  7.  This  decrement  in  ventilation  that 
occurred  from  wakefulness  to  sleep  tended  to  be  a  result  of 

falling  tidal  volume  (Fig  3).  This  was  consistent  at  sea  level 
and  tended  to  be  true  at  altitude  also,  although  breathing 

pattern  varied  considerably  between  subjects  in  relation  to  the 
quantity  of  periodic  breathing.  However,  the  increase  in 

ventilation  that  occurred  from  sea  level  to  altitude  and 

progressed  with  time  at  altitude  resulted  largely  from  increasing 
frequency  with  little  change  in  tidal  volume  (Fig  3).  There  was 

no  difference  observed  between  NREM  and  REM  sleep  for  any  of 

these  ventilatory  variables. 

On  night  1  at  altitude,  a  trend  towards  increasing 

ventilation  and  decreasing  observed  over  the  course 

of  the  night  such  that  the  effects  of  sleep  were  obscurred  and  no 
significant  difference  in  any  of  these  variables  (Vg,  PETCO2, 
Sa02)  could  be  detected.  This  indicates  that  acclimatization  was 
likely  occurring  during  sleep  on  this  first  night  at  altitude. 


This  effect  was  clear  in  four  subjects  who  demonstrated 
decreasing  P£'jC02  over  the  course  of  the  study  as  shown  in 


Figure  4.  This  event  is  shown  in  detail  for  both  ventilation  and 
PeT^®2  6  (Fig  4).  In  two  subjects  no  such  effect 

was  noted. 

The  effects  of  acclimatization  on  ventilation  were  clear 
both  awake  and  asleep.  During  wakefulness,  ventilation  steadily 
increased  over  7  days  at  altitude  with  falling  Pc02 
increasing  Sa02  (Fig  2).  During  both  NREH  and  REM  sleep  a 
similar  trend  occurred  with  significantly  decreasing  P£tC02  and 
increasing  Sa02  during  both  sleep  stages  over  the  seven  days  (Fig. 
2).  However,  we  were  unable  to  demonstrate  a  significant 
increase  in  ventilation  from  night  1  to  night  4  or  7. 

Ventilatory  Responses  to  Chemical  Stimuli 
Hypercapnia ; 

NREM  and  REM  sleep  reduced  the  hypercapnic  ventilatory 

response  and  this  effect  was  consistant  at  sea  level  and  on  all 
three  nights  at  altitude  (Table  I,  Fig  5).  The  NREM  hypercapnic 
response  was  reduced  to  approximately  502  (P<0.05)  of  the  awake 
value  with  the  REM  response  being  only  about  202  (P<0.05)  of  the 
awake  value.  Although  this  response  tended  to  be  lower  during 
REM  than  the  NREM  sleep,  this  did  not  reach  statistical 

s i gn i f ic anc e  . 

The  effect  of  altitude  on  the  hypercapnic  ventilatory 

response  is  also  shown  in  Table  1  and  Figure  5.  The  slope  of  the 
hypercapnic  response  increased  significantly  when  the  subjects 
were  initally  exposed  to  altitude  (Table  1).  However,  this 
increase  was  observed  only  during  wakefulness  and  NREM  sleep. 
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During  REM  sleep  the  HCVR  did  noc  increase  over  che  sea  level 


value  (Table  1).  Wich  acc  1  imac  Lzac  ion  Che  slope  of  che  CO2 
response  did  noc  increase  furCher.  However,  as  is  shown  in 
Figure  3  anB  Table  2,  chere  was  a  progressive  lefcward  shifc  in 
Che  posicion  of  che  hypercapnic  response  from  sea  level  co  day  1 
ac  alcicude  and  from  day  I  co  day  4  wich  no  furcher  posicion 
change  for  chis  response  noced  afcer  day  4  aC  alcicude  (Table 
2).  This  was  Crue  during  wakefulness  and  NREM  and  REM  sleep 
(Table  2). 

Hypoxia  ; 

The  influence  of  alcicude  and  acc 1 imac izac ion  co  alcicude  on 

che  isocapnic  hypoxic  vencilacory  response  are  shown  on  Table  3 

and  Figures  6  and  7.  Alchough  acuce  exposure  Co  alcicude  (nighc 
1  scudies)  did  noc  produce  a  significanC  increase  in  hypoxic 
sensicivicy  over  Chac  observed  aC  sea  level,  che  slope  of  che 
hypoxic  response  increased  sceadily  and  signif icanc 1 y  wich  cime 
ac  alcicude  (P<.001,  Spearman  Rank  Cor r e 1 ac ion )  .  This  increase 
in  che  slope  of  che  hypoxic  vencilacory  response  occurred  despice 
che  scudies  being  conducCed  ac  progressively  lower  PCO2  levels. 
DISCUSSION 

Acc 1 imac izac ion  is  clearly  associaced  wich  changes  in  che 
hypoxic  and  hypercapnic  vencilacory  responses.  The  hypercapnic 
response  was  increased  on  day  I  ac  alcicude  compared  Co  sea  level 

buc  did  noc  increase  furcher  wich  cime.  However,  che  posicion 

of  chis  response  shifced  s  ign  i  f ic anc 1 y  co  che  lefc  wich 
acc  1  imac iz ac ion  boch  awake  and  asleep  (Fig  5  and  Table  2). 
The  hypoxic  vencilacory  response,  alchough  noc  s igni f icanc 1 y 
higher  on  day  1  ac  alcicude  chan  ac  sea  level,  increased  sceadily 


In  add ic ion 
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with  acclimatization  (Table  3,  Figures  6  and  7).  In  addition, 
the  sleep  induced  changes  in  both  resting  ventilation  and  the 
hypercapnic  ventilatory  responsive  at  altitude  are  similar  to 
chose  seen  atc  sea  level  (9).  Ventilation  falls  during  both  NREM 
and  REM  sleep  as  a  result  of  decreasing  tidal  volume  (Fig  2) 
while  the  HCVR  is  reduced  about  50Z  during  NREM  sleep  and  80Z 
during  REM  sleep  at  altitude  as  we  and  others  observed  at  sea 
1  eve  I  ( 8 )  . 


The  influence  of  altitude  acclimatization  on  ventilatory 
chemical  responsiveness  has  been  a  topic  of  interest  for  years. 
Our  observations  regarding  the  effect  of  acclimatization  on 
hypoxic  sensitivity  agree  with  finding  of  a  number  of  previous 
investigators  (5,13).  Forster  ec  at  (13)  observed  an  increase  in 
Che  HVR  at  altitude,  but  this  response  in  their  subjects  remained 
elevated  45  days  after  returning  to  sea  level  making  the  actual 
baseline  hypoxic  sensitivity  somewhat  questionable.  Cruz  et  al 
(5)  also  noted  an  increase  in  the  hypoxic  response  in  4  subjects 
over  75  hours  at  altitude.  However,  this  response  was  only 
significantly  increased  at  75  hours  and  these  subjects  were  not 
observed  to  hyperventilate  or  decrease  their  Pc02  over  the 
first  3  hours  of  hypoxia.  These  data  are  therefore,  difficult  to 
interpret.  Our  observations  suggests  that  the  HVR  increases 
progressively  at  altitude  even  to  the  19th  day. 

This  steady  increase  in  hypoxic  responsiveness  may  be 
an  important  contributor  to  the  gradual  increase  in  ventilation 
at  high  altitude  which  occurs  despite  a  lower  PCO2  higher 
arterial  oxygen  saturation.  The  recent  study  of  Busch  ec  al.  (4) 


demonstrated  acute  (6-8  hours)  ventilatory  acclimatization  in 
goats  when  only  the  isolated  carotid  body  was  made  hypoxic.  This 
suggests  an  important  role  for  the  carotid  body  in  this  process. 
In  addition,  other  investigators  have  demonstrated  that 
ventilatory  acclimatization  is  diminished  or  absent  in  carotid 
denervated  animals  (11,12,18)  although  this  is  somewhat 
controversial  (23).  Therefore,  increasing  gain  of  this 
chemoreceptor  may  be  a  pivotal  mechanism  in  altitude 
accl imatization. 

We  could  be  faulted  for  determining  these  hypoxic  responses 
at  the  Pc02  l^^el  measured  during  a  hyperoxic  baseline  (our 
studies  being  conducted  at  the  Pqo2  ^^^el  encountered  when  the 
subject  had  an  Sa02  of  99  to  lOOZ).  This  seemed,  however,  the 
most  reasonable  approach.  To  have  completed  the  studies  at  the 
eupnic  Pc02  lovcl  would  have  meant  doing  half  the  study 
poikiol ocapnical I y  (to  the  eupnic  Sa02  level)  and  the  remaining 
half  with  CO2  addition.  This  is  likely  to  have  produced  a 
biphasic  response  that  would  be  difficult  to  interpret.  To  have 
conducted  the  entire  study  po i ki 1 oc apn ic a  1 1 y  (no  CO2  addition) 
would  likely  have  produced  a  sufficiently  blunted  response  that 
comparisons  would  have  been  difficult.  We  therefore  chose  the 
method  described  and  believe  ic  to  be  Che  best  of  Che  available 
options. 

Our  observed  increase  in  the  hypercapnic  ventilatory 
response  on  arrival  at  altitude  probably  reflects  the  well 
described  potentiating  efteccs  of  hypoxia  on  the  hypercapnic 
response  (14).  With  acclimatization  we  found  no  further  increase 


in  HCVR  but  «  shift  in  the  response  to  the  left  did  occur  (Fig  5 
and  Table  2).  This  left  shift  is  similar  to  that  found  in  most 
previous  reports  (10,13,17,20.21),  however,  the  effect  of 
altitude  acclimatisation  on  the  slope  of  this  response  is 
contraversial .  Most  previous  studies  of  HCVR  in  humans  suggest 
an  increase  in  the  slope  of  this  response  over  time  at  altitude 
(10,13,20).  Other  studies,  one  in  goats  (21)  and  another  in 
humans  (5),  found  no  change  in  this  slope.  In  reviewing  these 
studies  it  is  frequently  difficult  to  differentiate  the  effects 
of  acute  hypoxia  from  those  of  acclimatization  on  the  HCVR. 
Forester  et  al  (13)  found  a  progressive  increase  in  the  slope  of 
the  hypercapnic  response  (measured  at  high  P02)  following  4  and 
45  days  of  altitude  exposure.  Other  investigators  (10,17,20) 
found  that  acute  hypoxia  clearly  increases  the  ventilatory 
resonse  to  hypercapnia,  but  the  evidence  for  further  augmentation 
of  this  response  with  continued  hypoxic  exposure  is  less  clear. 

No  previous  investigator,  to  our  knowledge,  has  measured 
this  response  as  we  did  with  a  constant  arterial  oxygen 
saturation  maintained  at  the  eupnic  level.  This  method  was 
chosen  such  chat  comparisons  between  awake  and  sleeping  responses 
could  be  made.  To  have  rendered  the  subjects  hyperoxic  during 
sleep  would  have  regularized  ventilation  which  could  affect  the 
response  to  increasing  PCO2’  failure  to  observe  a 
further  increase  in  the  slope  of  the  HCVR  with  acclimatization 
could  have  been  secondary  to  Che  fact  Che  responses  on  days  4  and 
7  at  altitude  were  conducted  at  a  higher  oxygen  saturation  chan 
on  day  1.  This  resulted  from  the  higher  eupnic  arterial  oxygen 


saturation  which  occurred  with  acclimatization  (Fig  2). 
Therefore,  whether  altitude  acclimatization  actually  would  have 
increased  the  slope  of  the  response  had  all  studies  been 
conducted  ae  a  similar  Pq^  remains  unknown. 

Our  observations  regarding  ventilation  during  sleep  at 
altitude  are  similar  to  those  recently  described  (2).  Sleep 
induces  a  decrement  in  ventilation  at  both  sea  level  and  altitude 
(Fig  2)  and  in  both  instances  this  decrement  is  secondary  to 
falling  tidal  volume  (Fig  3).  This  is  associated  with  increasing 
Pqq2  and  decreasing  oxygen  saturation.  With  acclimatisation, 
increases  in  ventilation  occur  during  both  wakefulness  and  sleep 
which  produces  further  hypocapnia  and  improved  oxygenation  (Fig 
2).  This  acclimatization  process  seems  to  occur  during  both 
wakefulness  and  sleep  as  was  recently  described  by  Ber ssenbrugge 
et  a1  (2).  On  the  first  night  at  altitude  there  appeared  to  be  a 
modest  increase  in  ventilation  and  steady  decrement  in  Fc02 
during  the  sleep  period  (Figure  4).  However,  this  occurred  in 
only  four  of  Che  six  subjects  so  statistical  significance  was  not 
reached.  Such  a  trend  was  not  observed  on  night  4  or  7  perhaps 
because  the  acci imac izac ion  process  had  slowed  sufficiently  at 
chat  point  to  be  indececcable  over  a  short  period  of  time.  These 
findings  suggest,  as  shown  previously  (2),  that  wakefulness  is 
not  necessary  for  ventilatory  acclimatization. 

Of  interest  is  the  observation  chat  ventilation  during  NREM 
and  REM  sleep,  although  slightly  greater,  did  not  increase 
signficancly  on  nights  4  and  7  compared  to  night  1  at  altitude 


(Fig  2).  This  occurred  despite  felling  Pc02  increasing 
arterial  oxygen  saturation  (Fig  2).  This  agrees  with  the  work  of 
Bursscnbrugge  et  al  (2)  who  observed  no  difference  in  ventilation 
during  MREIL  and  REM  sleep  at  21  and  83  hours  after  arrival  at 
altitude.  This  suggests  that  netabolic  rate  may  have  fallen 
between  nights  1  and  4  such  that  a  similar  level  of  ventilation 
produces  greater  hypocapnia.  However,  metabolic  rate 
determinations  during  sleep  were  not  attempted  in  this  study. 

Our  findings  also  indicate  that  the  majority  of  ventilatory 
acclimatisation  occurs  as  a  result  of  increasing  frequency  as 
opposed  to  changes  in  tidal  volume.  As  is  shown  in  figure  3, 
there  was  a  significant  increase  in  frequency  from  sea  level  to 
night  1  at  altitude  during  wakefulness  and  sleep,  and  a  trend 
toward  further  increases  in  frequency  with  time  at  altitude. 
There  was,  however,  little  change  in  tidal  volume  (Fig  3).  This 
agrees  with  the  previous  work  of  Burki  (3)  who  demonstrated  a 
steady  increase  in  respiratory  frequency  with  acc 1 imat iaat ion . 
Other  investigators  have  varied  in  their  observations. 
Bessenbrugge  et  al  (2)  found  an  initial  increase  in  tidal  volume 
on  exposure  to  altitude,  but  acclimatization  occurred  by 
increasing  frequency.  Gautier  et  al .  (15)  on  the  other  hand, 
found  an  initial  increase  in  frequency  and  then  a  steadly 
increase  in  tidal  volume  over  6  days.  Why  these  studies  vary  so 
dramatically  may  relate  to  the  method  of  determining  ventilation 
(mouthpiece,  masks,  inductive  plethysmography)  and  the  timing  of 
the  study  relative  to  arrival  at  altitude.  However,  our  findings 
indicate  that  respiratory  frequency  is  the  primary  mode  of 
increasing  ventilation  at  altitude  during  wakefulness  and  sleep. 


In  assessing  our  findings  severe)  potential  weaknesses  of 
the  methods  must  be  considered.  The  use  of  a  mask  to  measure 
ventilation  can  produce  problems  (1,13)  and  the  additional 
equipment  ill  combination  with  this  mask  can  be  quite  disruptive 
to  sleep.  This  is  discussed  at  length  in  the  companion  article 
(24).  However,  these  methods  were  common  to  all  studies  and  thus 
their  disruptive  effects  would  not  be  a  likely  explanation  for 
the  changes  we  observed  at  altitude.  Another  potential 
difficulty  is  the  accurate  determination  of  P£xC02  during 
sleep,  particularly  REM  sleep,  when  tidal  volume  is  irratic  and 
frequently  reduced.  This,  however,  turns  out  to  be  a  minimal 
problem.  During  hypercapnic  ventilatory  responses,  respiration 
is  stimulated  and  the  inspired-expired  CO2  difference  is  small 
such  that  accurate  Pc02  values  can  be  obtained.  At  altitude 
ventilation  is  also  stimulated  such  that  good  end->tidal  CO2 
plateaus  occur  and  reproducible  results  are  generally  observed. 
Our  criteria  for  inclusion  of  hypercapnic  venitlatory  response 
data  could  also  be  questioned  and  is  discussed  in  the  companion 
article. 

Ve  conclude  that  acclimatisation  to  high  altitude  has  clear 
effects  on  chemical  sensitivity.  The  hypoxic  response  increases 
over  time  at  altitude  and  the  hypercapnic  response  shifts  to  the 
left.  These  events,  particularly  the  increasing  hypoxic 
sensitivity,  may  be  pivotal  in  the  acc 1 imat isat in  process. 
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TABLE  2 


The  Influence  of  Altitude  Acclimatization  on  the  Postion  of  the  Hypercapnic 
Ventilatory  Response  During  Wakefulness  and  Sleep 

Awake  HREM  REM 

Sea  Level  44.1±.4  45.5t.8  44.6t.8 

Ist  Night  Altitude  38.3t.8*  37.6±.8*  37.1*1,0* 

4th  Night  Altitude  34.6*l.0*t  34.9*.6*t  34.0*. 5*t 

7th  Night  Altitude  33.5*.3*t  34.9*.4*t  34. 2*. 5*1 

All  values  are  the  "ventilation  stimulation  point"  (PcOo  mmHg)  as  described  in 
the  methods  and  Figure  1. 

Means  *  SEM's  are  given. 

*  P  <  0.05  different  from  sea  level  value  for  Che  sleep  stage  in  question, 
t  P  <  0.05  different  from  Isc  night  at  altitude. 
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FIGURE  LEGENDS 


Figure  1 


Figure  2 


The  "vencilecion  scimulacion  poinc"  is 
demonstraced .  This  represents  the  point  at  which 
ventilation  is  first  stistulated  by  increasing 
Pco2*  poinc  is  used  to  describe  the 

position  of  the  hypercapnic  ventilatory  response 
rather  chan  the  traditional  B  which  is  a  product 
of  both  Che  position  and  slope  of  the  response.  « 

The  influence  of  sleep  and  altitude 
acclimatization  on  ventilation  (^g),  Pc02> 
and  arterial  oxygen  saturation  (Sa02)  are 
depicted.  All  values  are  means  t  SEM.  During 
sleep,  ventilation  fell  with  increasing  Pco2 
and  decreasing  Sa02«  With  acclimatization,  there 
was  a  steady  increase  in  ventilation  and  Sa02 
with  fall ing  Pco2 • 

*  P<0.05  different  from  awake  value. 

t  P<0.03  different  from  sea  level  value. 

*  P<0.05  different  from  Ist  night  at  altitude 

* 

value. 

f  P<0.05  different  from  4ch  night  at  altitude 


value. 


Figure  3 


The  influence  of  sleep  and  altitude 
acc I inat izat ion  on  ventilatory  pattern  (frequency 
and  tidal  volume)  are  depicted.  All  values  are 
means  t  SEM.  Ventilatory  acclimatization  tended 
to  occur  by  increasing  frequency  with  little 
change  in  tidal  volume.  The  fall  in  ventilation 
noted  during  sleep  was  generally  a  product  of 
falling  tidal  volume. 

*  P  <0.05  different  from  awake  value. 

t  P  <0.05  different  from  sea  level  value. 

*  P  <0.05  different  from  1st  night  at  altitude 

* 

value. 


Figure  4  The  influence  of  acclimatization  on  ventilation 

and  Pco2  <luring  sleep  on  the  fist  night  at 
altitude  is  depicted. 

A:  The  mean  sleeping  (NREM  and  REM)  Pco2 

value  for  four  subjects  during  the  Ist,  2nd, 
and  3rd  parts  of  the  night  are  shown.  There 
is  a  trend  toward  decreasing  Pco2  over  the 
course  of  the  night. 

B:  The  mean  ventilation  and  Pqo2  values  for 

subject  6  at  various  time  during  the  first 
night  at  altitude  are  shown.  This  subject 
was  chosen  as  a  large  quantity  of  data  was 


available. 


Figure  5 


Figure  6 


Figure  7 


The  influence  of  sleep  and  altitude 
acc  I  inat isat ion  on  the  hypercapnic  ventilatory 
response  are  shown.  Each  line  represents  the 
mean  value  for  all  subjects  studied.  Sleep 
consistently  reduced  the  hypercapnic  response 
with  the  lowest  values  being  seen  during  REM 
sleep.  Although  altitude  responses  were  greater 
than  sea  level  ones,  the  response  did  not 
increase  with  time  at  altitude,  although  it  did 
shift  to  the  left. 

The  influence  of  altitude  acclimatisation  on  the 
hypoxic  ventilatory  response  for  each  subject  is 
shown.  SL  indicates  sea  level  and  the  number 
beside  each  response  indicates  the  night  at 
altitude  on  which  the  study  was  conducted. 

Vg, expired  ventilation  in  L/min;  Sa02>  arterial 
oxygen  saturation  in  Z. 

The  influence  of  altitude  and  acclimatization  on 
the  mean  hypoxic  ventilatory  response  (tSEM)  is 
shown.  There  was  a  steady  increase  in  hypoxic 
sensitivity  with  time  at  altitude  (P<.001 
correlation  between  time  and  hypoxic  response  - 
see  Data  Analysis). 


